There is increasing evidence implicating human epidermal growth factor receptor 3 (HER3) in several types of cancer. However, the development of targeted therapies to inactivate HER3 function has been a challenging endeavor. Its kinase domain functions in allostery not catalysis, and the classical ATP-analog class of tyrosine kinase inhibitors fail to inactivate it. Here we describe a novel approach that eliminates HER3 expression. The small-molecule cotransin CT8 binds the Sec61 translocon and prevents the signal peptide of the nascent HER3 protein from initiating its cotranslational translocation, resulting in the degradation of HER3 but not the other HER proteins. CT8 treatment suppresses the induction of HER3 that accompanies lapatinib treatment of HER2-amplified cancers and synergistically enhances the apoptotic effects of lapatinib. The target selectivities of cotransins are highly dependent on their structure and the signal sequence of targeted proteins and can be narrowed through structure-function studies. Targeting Sec61-dependent processing identifies a novel strategy to eliminate HER3 function.
INTRODUCTION
The human epidermal growth factor receptor (HER) family is comprised of four members: EGFR (epidermal growth factor receptor), HER2, HER3 and HER4. These are highly homologous type I transmembrane tyrosine kinase receptors consisting of a ligand-binding extracellular domain, a transmembrane region, an intracellular tyrosine kinase domain and a C-terminal signaling tail. Ligand binding stabilizes an open conformation of the extracellular region exposing a dimerization interface that mediates the formation of receptor dimers and possibly oligomers. Dimerization or oligomerization of receptors in turn leads to the allosteric activation of one kinase domain by another, and subsequent phosphorylation of C-terminal tails. Phosphorylated C-terminal tails recruit numerous second messenger proteins leading to the generation of numerous intracellular signaling cascades including the Ras/MAPK and PI3K/Akt signaling pathways. HER receptors can generate signals through homo-or heterodimerization. Although EGFR and HER4 are fully competent receptors capable of signaling through homo-or heterodimerization, HER2 and HER3 lack the full complement of functionalities and are committed partners for heterodimerization.
The HER family receptors are frequently implicated in the biology of many types of human cancers. This occurs through the amplification of EGFR or HER2 as seen in cancers of the breast, lung, stomach, endometrium, head and neck or brain, [1] [2] [3] [4] [5] or through mutational activation of the extracellular domain of EGFR in gliomas, 6 or the kinase domain of EGFR in lung cancers, 7 or the kinase domain of HER2 in cancers of the lung or breast. 8, 9 In many of these cancers, EGFR or HER2 are disease-driving oncogenes and agents that target them show considerable efficacy in the treatment of these cancers. [10] [11] [12] [13] These agents include smallmolecule inhibitors of their tyrosine kinase catalytic functions, or monoclonal antibodies that interfere with the ligand-activation or dimerization functions embodied within their extracellular domains, or that can mediate immunologic responses against cancers with amplification and massive overexpression of these receptors.
Although the catalytically inactive HER3 lacks the transforming potential inherent in the catalytically competent HER family members, there is increasing evidence that HER3 has a key orthogonal role in many types of human cancers, either as an obligate partner for EGFR or HER2, or promiscuous partner for MET, or in other cancers where its catalytic partner remains to be defined. HER3 is essential for HER2-driven tumorigenesis as demonstrated in experimental models with HER2-amplified human cancer cells or mouse genetic models. [14] [15] [16] Furthermore, HER3 is not just a requisite downstream substrate of HER2 in these cancers. It has critical functions both upstream and downstream of HER2. It functions upstream because its kinase domain, although catalytically inactive, is a key allosteric activator of the HER2 kinase domain. 17 It functions downstream of HER2 because its signaling tail contains six consensus binding sites for the regulatory subunit of PI3K, and when phosphorylated, HER3 is one of the strongest known activators of PI3K/Akt signaling, providing a strong cellular survival signal, important in many cancers. 18, 19 Attempts to inhibit HER2 signaling in HER2-amplified cancers results in a robust upregulation of HER3 that restores HER2-HER3 signaling and undermines the efficacy of all current HER2-targeting pharmaceutical agents. [20] [21] [22] These findings have redefined the HER2-HER3 signaling complex as the functionally relevant driver of HER2-amplified cancers and the inactivation of this signaling activity as the new bar for the highly effective therapy of this disease. Even the most potent and selective inhibitors of the HER2 tyrosine kinase lack the requisite therapeutic index and have only modest clinical activities. The highly effective treatment of this disease requires agents that eliminate the functions of HER3.
Targeting HER3 function is more challenging than targeting EGFR or HER2. This is because of key differences that distinguish HER3 function from the other HER family members, and our more primitive understanding of how HER3 signaling is engaged in cancers. The HER3 kinase domain likely functions solely as an allosteric activator in signaling complexes, as it lacks catalytic kinase activity. Consistent with this, small-molecule ATP-analog tyrosine kinase inhibitors that bind with high affinity within its kinase domain fail to inhibit its signaling function. 23 Although it remains plausible that the signaling functions of HER3 may be modulated by yet unknown classes of small molecules that bind its kinase domain, this endeavor awaits deeper insights into the functions and structural attributes of its kinase domain. Numerous monoclonal antibodies and other protein therapeutics targeting its extracellular region have been developed that can interfere with aspects of its extracellular regions. [24] [25] [26] [27] [28] [29] These may be of particular benefit in disease states driven by ligand stimulation, but they show decreased efficacy in cancers with HER2 amplification where HER3 signaling is likely engaged through ligand-independent mechanisms. In addition, it is unlikely that HER3-targeting antibody therapies can elicit strong immunological antitumor responses, as the expression of HER3 in cancers is not high enough to afford a reasonable therapeutic index for such immunological responses. This is in contrast to EGFR or HER2, which undergo gene amplification and massive protein overexpression in many cancers, allowing for such immunologically mediated effects. Here we describe a novel approach to targeting HER3. This involves interfering with mechanisms critical for its cotranslational translocation into the endoplasmic reticulum, resulting in the elimination of HER3 protein expression and loss of HER3 function.
RESULTS
In a search for compounds that could suppress HER3 expression or signaling, we identified the cyclic peptide CT8. CT8 belongs to a class of cyclic heptadepsipeptides called 'cotransins', which is related to the fungal natural product HUN-7293. Cotransins inhibit the cotranslational translocation of a subset of secreted and transmembrane proteins, in particular tumor necrosis factor-α and vascular cell adhesion molecule-1. 30, 31 When testing the effects of CT8 in HER2-amplified breast cancer cells, we observed the suppression of HER3 signaling, directly attributable to the suppression of HER3 expression (Figure 1a ). Expanded analysis in other cancer cells showed a similar reduction of HER3 expression, albeit with slightly different concentration dependencies (Figure 1b) . Interestingly, among the members of the HER family of receptor tyrosine kinases, HER3 is uniquely sensitive to CT8 and no similar effects are seen with other members of the HER family ( Figure 1c ). As HER3 is highly regulated through transcription, we tested whether CT8 inhibits the transcription of HER3. Reverse transcription-quantitative PCR (RT-qPCR) analysis of the messenger RNA levels for HER3 shows that transcription is not downregulated by CT8 (Figures 2a and b) . Therefore, inhibition of HER3 expression occurs posttranscriptionally. To analyze whether suppression of HER3 expression is due to protein degradation, we used bortezomib to block the ubiquitin-proteasome pathway responsible for the degradation of many proteins. In BT474 cells, the CT8-induced suppression of HER3 expression can be blocked by concomitant treatment with the proteasome inhibitor bortezomib ( Figure 2c ). Taken together, these data show that the suppression of HER3 expression seen with CT8 treatment is due to the degradation of HER3 protein.
Some kinases, including HER3, interact directly with the Hsp90 molecular chaperone and are dependent on it for proper folding , or HER4, in-frame with a C-terminal V5 tag. Transfectants were treated with 500 nM CT8 for 24 h and subjected to western blot analysis using anti-V5 and anti-actin antibodies.
and stability, and inhibitors of Hsp90 lead to the degradation of many such kinases including HER3. 32 However, an HER3 mutant lacking the entire intracellular domain remains fully sensitive to CT8 (Figure 2d ), and therefore CT8 does not degrade HER3 through mechanisms involving its kinase domain analogous to Hsp90 inhibitors.
Cotransins such as CT8 can interfere with the cotranslational movement of the transmembrane domains of nascent transmembrane proteins into the lipid bilayer of the endoplasmic reticulum, mediated through the Sec61 channel. 33 However, as CT8 also degrades the secreted HER3 mutant lacking the transmembrane and intracellular domains, its effects on HER3 are unlikely to be mediated through this mechanism. More relevant, CT8 also interferes with cotranslational translocation initiated by N-terminal signal peptides, which target nascent secreted and type I membrane proteins, including all HER family members, to the endoplasmic reticulum. This is also mediated through inhibition of the Sec61 translocon, but the extent to which a given secretory or type I membrane protein is sensitive to CT8 depends on the specific signal peptide sequences of the nascent protein emerging from the ribosome and captured by the signal recognition particle. 31 To determine whether the sensitivity of HER3 to CT8 is contained within its signal peptide sequences, we generated an HER3 mutant with an altered signal peptide. The residues mutated were based on our best understanding of the mechanism by which cotransins block productive interactions between certain signal peptides and the Sec61 channel (Figure 3a) , as previous studies suggested that polar to hydrophobic amino-acid substitutions within the central hydrophobic region of a signal peptide can confer cotransin resistance. 30, 34 HEK-293 cells were transfected with wild-type (WT) HER3 or HER3 mutant and treated with CT8. The results show that the HER3 signal peptide mutant is resistant to CT8-induced degradation, confirming the critical role of the signal peptide in mediating the effects of CT8 (Figure 3b ). To further confirm the role of the HER3 signal peptide, we fused the N-terminal sequences of HER2 or HER3 to the N terminus of a Gaussia luciferase expression construct, leading to the secretion of active luciferase into the media. As expected, secretion of the luciferase construct bearing the HER3 signal peptide is potently inhibited by CT8, whereas the construct bearing the HER2 signal peptide is nearly 100-fold less sensitive (Figure 3c ). To confirm the role of the Sec61 translocon in mediating the CT8-driven degradation of HER3, we tested a CT8-resistant Sec61α R66I mutant. This mutant was identified through a mutation-prone biologic screen of cotransin resistance and found to assemble properly into functional translocons, but exhibits diminished binding to CT8. 33 HEK-293 cells induced to express Sec61α WT or Sec61α R66I mutant were transfected with HER3 and treated with CT8. As expected, CT8 effectively suppresses HER3 expression in Sec61a WT-overexpressing cells. However, expression of the Sec61α R66I mutant rescues HER3 from the degradative effects of CT8 (Figure 3d ). These data confirm that CT8 blocks the translocation of the HER3 signal peptide helix into the Sec61 membrane channel as the nascent protein emerges from the ribosome, ultimately leading to its proteasome-dependent degradation (Figure 4) .
The functions of HER3 are particularly important in HER2-amplified cancer cells and our inability to inactivate HER3 function underlies the limited activities of all forms of HER2-targeted therapies to date. A drug that can inactivate HER3 would be of significant benefit in the treatment of these cancers in combination with a HER2 inhibitor. We tested this in BT474 HER2-amplified Following transfection, cells were treated with 500 nM CT8 or DMSO for 24 h and cell lysates were subjected to immunoblotting using V5 and actin antibodies. Molecular mass standards (kDa) are indicated on the left side of the figure.
Targeting HER3 at the Sec61 transloconbreast cancer cells. Treatment of these cancer cells with the HER2 tyrosine kinase inhibitor lapatinib fully inactivates HER2-HER3 signaling, but this is subsequently restored through the upregulation of HER3 expression (Figure 5a, left panels) . However, the addition of CT8 counteracts the upregulation of HER3 expression, preventing the restoration of p-HER3 signaling (Figure 5a , right panels). The failure to rescue HER3 signaling leads to apoptotic cell death. This occurs at concentrations of lapatinib and CT8 that are only minimally proapoptotic by themselves, but that show substantial apoptotic effects in combination (Figure 5b) . Neither lapatinib nor CT8 nor their combination have any significant effects on the survival of cancer cell lines that are not dependent on HER2 or HER3 (Supplementary Figure 1) .
DISCUSSION
There is increasing evidence implicating HER3 in the pathogenesis of several types of human cancers and in mediating resistance to a number of targeted cancer therapies. The best characterized are HER2-amplified breast cancers where HER3 has an essential role as a codriver of the disease. HER3 likely has a similar role in other HER2-amplified cancers such as HER2-amplified gastric, esophageal and endometrial cancers, although these have been less well studied. There is some evidence supporting a role for HER3 in triple-negative breast cancers. 35 HER3-driven autocrine ligandsignaling loops are seen in some cancers including ovarian cancers. 36 There is ample evidence supporting a role for HER3 in the pathogenesis of colon cancers [37] [38] [39] and potentially in mediating resistance to EGFR or MEK inhibitors in colon cancers. 40, 41 HER3 signaling mediates at least some modes of resistance to RAF kinase inhibitors in BRAF-driven melanomas [42] [43] [44] and may have a more primary function in melanomas. 44 These lines of evidence have made a compelling case for the development of inhibitors of HER3 function for the treatment of cancer.
However, our understanding of precisely how HER3 mediates tumorigenic functions is not as well developed as EGFR or HER2 or other receptor tyrosine kinase oncogenes. In particular, the structural features underlying its tumor-promoting activities are not well described. Its kinase domain is clearly important in its signaling function, although targeting it awaits much deeper insights into its mode of function, as the classical approach to target the active site using ATP-analog small-molecule inhibitors does not affect the functions of this catalytically inactive kinase. 23 A number of antibodies targeting the extracellular domain of HER3 are in development, with different functional properties. This approach may be effective in cancers that depend on the classical ligand-induced dimerization function of HER3 such as cancers that are driven by autocrine ligand loops. However, in other cancers such as those driven by massive overexpression of HER2, interfering with the ligand-induced activation of HER3 has modest effects at best. 28, 29 Eliminating the expression of HER3 is certainly an effective means of suppressing its functions in tumorigenesis. Here we present a novel small-molecule approach to targeting HER3 expression. This involves inhibiting its cotranslational localization at the Sec61 membrane channel leading to its degradation. This was shown here using a cyclic heptadepsipeptide of the cotransin family, which suppresses HER3 expression in all cell types examined to date, and with profound effects on the HER2-HER3 tumor driver in HER2-amplified cancer cells when combined with the HER2 inhibitor lapatinib. The results are consistent with the notion that dual inhibition of HER2 and HER3 is required for effective treatment of HER2-amplified cancers, and provides an effective mechanism to target HER3. More structurefunction work is needed to explore the chemical space in this arena, understand and optimize the selectivities involved in Sec61-targeting molecules and to develop candidates more suitable for clinical development.
The effect of CT8 on phosphorylation of HER3 occurs later and at higher concentrations than its effect on total HER3 expression ( Figure 1a) . This is consistent with the fact that CT8 directly affects HER3 expression but not its signaling activity. The signaling activity of HER3 is not only related to its expression level but is also related to a number of mechanisms linked with downstream feedback loops that function to preserve HER3 signaling when jeopardized by drugs. 45 The more resilient nature of p-HER3 decline compared with total HER3 decline reflects the multitude of fused to the signal sequence of HER2 or HER3 were incubated in doxycycline (1 μg/ml, to induce expression) and increasing concentrations of CT8 for 24 h, after which luminescence was measured. (d) HEK-293 cells with the tet-inducible induction of expression of Sec61α WT or the CT8-resistant R66I mutant Sec61α were incubated in doxycycline (1 μg/ml, to induce expression). The following day, cells were transfected with an empty vector or an HER3-expressing vector, and 4 h later, placed in media containing DMSO (dimethyl sulfoxide) or 500 nM CT8. After 24 h of treatment, cell lysates were harvested and assayed for the expression of HER3 by western blotting. Molecular mass standards (kDa) are indicated on the left side of the figure. variables involved in preserving HER3 signaling beyond its expression levels.
Understanding the target selectivities of cotransins is a matter of ongoing work. The experience to date confirms that the inhibition of cotranslational translocation is not an all-or-none phenomenon. As such, cotransins do not interfere with the Sec61-mediated translocation and expression of all secreted or transmembrane proteins. Moreover, even small changes in the side chains of the cotransin cyclopeptide can profoundly affect substrate selectivity. A comparison of the cotransins CT8 and CT9, which differ in only two side chains, showed vastly different selectivity profiles and much higher selectivity for CT8 compared with CT9. 31 In a panel of 25 secreted and type I and II transmembrane proteins, CT8 showed potent inhibition of only Targeting HER3 at the Sec61 translocontumor necrosis factor-α and vascular cell adhesion molecule-1. It remains distinctly possible that further structure-activity studies can identify additional Sec61-binding molecules with even higher selectivities, towards HER3 or other secreted or transmembrane proteins of interest. The basis for the observed selectivities of cotransins lies in the specific amino-acid sequences of the N-terminal signal peptide, as shown by signal sequence swapping studies. 30, 46 The best evidence to date regarding the mode of action of cotransins suggests that they prevent certain nascent proteins from accessing the lumen of the endoplasmic reticulum in a manner that is dependent on Sec61 and the specific residues on the hydrophobic N-terminal signal peptide or the transmembrane domain. 31, 33 The four members of the HER family of type I transmembrane receptor tyrosine kinases are highly homologous proteins with many similarities in structure and function. All have cleavable N-terminal signal peptide sequences and are localized to the plasma membrane. As such, it is surprising that HER3 is uniquely sensitive to the cotransin CT8. This suggests that somehow the movement of the HER3 N-terminal sequences through the Sec61 channel differs from the other HER family members. Why HER3 should be processed differently is not self-evident. However, it is interesting to note that among the HER family, the HER3 gene is unique in that it expresses several truncated alternative transcripts that lack the intracellular and transmembrane domains and encode for secreted isoforms of HER3. 47 These soluble HER3 extracellular proteins appear to have decoy functions in the negative regulation of neuregulin signaling. 48 Perhaps, the observed differences in HER3 signal processing through the Sec61 channel compared with other HER family proteins is related to its wider localization and distribution requirements, which encompass secreted soluble isoforms as well as transmembrane receptor isoforms, thus imparting upon it certain similarities with other secreted proteins including sensitivity to Sec61 modulators.
Although there is ample evidence that HER3 has a role in many types of cancer, it mediates its functions without catalytical activity, and at least in some circumstances without ligand stimulation, making it a more challenging drug target compared with other receptor tyrosine kinases. This work reveals an entirely new mechanism by which HER3 function can be disrupted, paving a pathway for a new class of HER3-targeting drugs.
MATERIALS AND METHODS

Cell culture and drugs
Cell lines (BT474, SkBr3, HCC1954, HCC1569, TE-4, N87, H2170 and HEK-293) were obtained from the American Type Culture Collection (ATCC) and cultured at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium/ HamF12 media supplemented with 10% fetal bovine serum, penicillin, streptomycin and L-glutamine. Lapatinib was purified from commercial Tykerb tablets by organic extraction as described previously. 20 CT8 was synthesized using modifications of published protocols. 49, 50 Bortezomib was obtained from www.Selleckchem.com.
Western blotting
Cell lysates were prepared using modified RIPA lysis buffer (150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Nonidet P40, 1% sodium deoxycholate and 10 mM sodium phosphate, pH 7.2) supplemented with protease and phosphatase inhibitors. Western blots were performed using antibodies purchased from Santa Cruz Biotechnologies (Dallas, TX, USA) (HER3, actin), Cell Signaling (Danvers, MA, USA) (p-HER2, pAKTser473, p-MAPK, MAPK) and Invitrogen (Grand Island, NY, USA) (V5). qPCR Total cellular RNA was isolated using the Qiagen (Valencia, CA, USA) RNeasy Kit following the manufacturer's instructions. RT and PCR amplification of ERBB3 was performed using primers and methods that have been described previously. 20 Quantitative PCR assays were performed in triplicate for HER3 and the housekeeping gene β-microglobulin from cDNA prepared from mock-or CT8-treated cells for 24 h. We used the ΔΔC T methodology to obtain the ratios after normalizing to β-microglobulin. The ratios were obtained against the average for the mock readout. The mean ratio and s.e.m. was determined on the triplicate values obtained. Student's t-test was performed on the triplicate values using two-tailed unequal variance parameters.
Apoptosis
For the analysis and quantitation of apoptotic cells, ethidium bromidestained nuclei were prepared according to the method of Giaretti and Nusse 51 and their DNA content was assayed by fluorescence-activated cell sorting. Apoptotic cells were identified by their sub-G1 DNA content.
DNA constructs and transfections
The EGFR, HER2, HER3 and HER4 cDNAs were transiently expressed in HEK-293 cells in pcDNA-DEST40 vectors (Life Technologies, Grand Island, NY, USA) using Lipofectamine 2000 according to standard transfection protocols.
The HER3-truncated and signal peptide mutants were generated by fragment gene synthesis and restriction enzyme cloning at Genewiz (South Plainfield, NJ, USA) and all mutated vectors were confirmed by sequencing the entire cDNA insert. The generation of HEK-293 cells expressing inducible WT or CT8-resistant Sec61α was described previously . 33 The luciferase assays were performed in HEK-293T T-rex cells. The mature domain of secreted luciferase from Gaussia princeps (eGLuc2, courtesy of Jeffery W Kelly, The Scripps Research Institute, La Jolla, CA, USA) was cloned into pcDNA5/FRT/TO. The signal sequence plus four amino acids of the mature domain from HER2 and HER3 were cloned upstream of eGLuc2 mature domain 52 and used in transient transfection experiments (referred as HER2ss-eGLuc and HER3ss-eGLuc, respectively). HEK-293T T-rex cells (constitutively expressing the Tet repressor; Life Technologies) were cultured in Dulbecco's modified Eagle's medium with 10% FBS at 5% CO 2 . Cells were plated 1 × 10 6 cells per well in a 6-well plate and incubated for
